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METHODS, APPARATUSES, AND SYSTEMS
FOR CREATING 3-DIMENSIONAL
REPRESENTATIONS EXHIBITING

GEOMETRIC AND SURFACE
CHARACTERISTICS OF BRAIN LESIONS

CROSS REFERENC

L1

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 16/312,983, filed Dec. 21, 2018, which claims
priority to national phase application under 35 U.S.C. § 371
of International Application PCT/US2017/040229, filed Jun.
30, 2017, claims priority to U.S. Provisional Patent Appli-

cation 62/357,477 filed Jul. 1, 2016, the content of each 1s
incorporated herein by reference 1n its entirely.

BACKGROUND
1. Field of the Invention

This disclosure relates generally to methods, apparatuses,
and systems for creating 3-dimensional (3D) representations
exhibiting geometric and surface characteristics of brain
lesions.

2. Description of Related Art

The diagnosis of multiple sclerosis (MS) requires the
tulfillment of both clinical and radiological criteria. This
may include a determination of key radiological tenets such
as a requisite number of lesions having a specific character
(1.e. size, shape, and morphology) and spatial distribution
patterns with involvement of periventricular, juxtacortical,
infratentorial, and spinal cord regions. The effective appli-
cation of the existing dissemination 1n space criteria may be
hindered by the highly sensitive nature of MRI technology,
the heterogeneity of lesions resulting from a varniety of
medical conditions, concomitant radiological {features
resulting from age-related changes and disease, and the lack
of additional radiological characteristics beyond two-dimen-
sional descriptions.

At present, the diagnosis of MS 1s usually made through
the use of 2-dimensional (2D) MRI images. The implemen-
tation of certain 1maging metrics, including the use of
quantitative phase imaging, has improved lesion specificity.
This may highlight the presence of central vasculature
within lesions and distinct peripheral rings, suggesting the
presence ol 1ron within macrophages. The use of fluid-
attenuated inversion recovery (FLAIR) MRI at 3 Tesla (T)
and T2-weighted and susceptibility weighted imaging (SWI)
at 7 T 1n larger patient groups has also been utilized to better
characterize MS from non-MS lesions. A previously 1den-
tified threshold of >40% was described for improving the
specificity of MS lesions. However, this technique has been
limited by the lack of appreciation of the central vessel 1n all
orthogonal planes of view and the abundance of vessels
intersecting lesions within the supratentorial region. Beyond
these eflorts, peripheral regions of hypointensity, presumed
to be related to the presence of iron within macrophages,
have also been described in MS patients.

SUMMARY

This disclosure includes embodiments of methods, appa-
ratuses, and systems for creating 3D representations exhib-
iting at least one geometric characteristic and/or at least one
surtace characteristic of brain lesions. Some embodiments
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comprise a system that may include a computer system
having at least one processor that may be configured to
receive one or more 3D 1mmages of a brain. The computer
system may be able to enable an i1dentification of one or
more brain lesions 1n the one or more 3D 1mages of the brain
and enable a segmentation of the one or more 3D 1mages. In
some embodiments, the segmentation may enable an 1sola-
tion of the one or more brain lesions. The computer system
may be further configured to enable a creation of one or
more 3D brain lesion 1images based on the segmentation. The
one or more 3D brain lesion images may comprise one or
more lesion characteristics. The computer system may fur-
ther enable a comparison of the one or more lesion charac-
teristics of the one or more 3D brain lesion 1images with one
or more predetermined lesion characteristics, enable a deter-
mination of a type of the one or more brain lesions based on
a match between the one or more lesion characteristics of the
one or more 3D brain lesion 1images with one or more of the
predetermined lesion characteristics, and enable the sending,
of 3D representation data corresponding to the one or more
3D brain lesion 1images, the 3D representation data config-
ured to enable a creation of one or more physical 3D
representations of the one or more brain lesions. In some
embodiments, the at least one processor may be able to
communicate with a memory source and/or non-transitory
computer readable medium to receive one or more nstruc-
tions enabling the at least one processor to perform the
actions disclosed above. In some embodiments, the at least
one processor may be actively performing the actions dis-
closed above based on one or more instructions received
from a memory source and/or non-transitory computer read-
able medium. In some embodiments, the at least one pro-
cessor may be hardwired 1n such a way as to have the ability
to perform and/or actually perform the actions disclosed
above.

In some embodiments, the computer system may be
turther configured to receive one or more 2D 1mages of a
brain and enable a creation of one or more 3D 1mages of the
brain based on the one or more 2D 1mages of the brain. The
one or more 3D 1mages may comprise one or more maxi-
mum 1intensity projection (MIP) images that may be config-
ured to enable 3D spatial visualization of the brain. In some
embodiments, the one or more 3D brain lesion 1mages may
comprise one or more orthographic projections in stereo-
lithographic format. In some embodiments, the one or more
physical 3D representations comprise fused filament 3D
printed models. The one or more 3D 1mages of the brain may
comprise one or more 1sotropic magnetic resonance 1maging
(MRI) images. In some embodiments, the one or more lesion
characteristics may comprise one or more ol geometric
characteristics and surface characteristics. The one or more
geometric characteristics may comprise one or more of a
symmetry characteristic, a surface morphology characteris-
tic, a lobular shape characteristic, a protrusion characteristic,
a slope characteristic, a tapered shape characteristic, a
spherocylindrical shape characteristic, or the like. The one
or more surface characteristics may comprise one or more of
a surface topography characteristic, a surface irregularity
characteristic, a surface area to volume ratio characteristic,
a distribution of mass characteristic, or the like. In some
embodiments, the one or more predetermined lesion char-
acteristics may correspond to one or more lesion character-
istics associated with one or more disease etiologies. The
one or more disease etiologies may comprise one or more of
multiple sclerosis (MS) and non-specific categories such as
aging, migraine headache, small vessel disease, cryptogenic
white matter, or the like.
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Some embodiments of the present methods include a
method of creating 3D representations of brain lesions that
may comprise receiving, by a computer system comprising,
at least one processor, one or more 3D 1mages ol a brain;
enabling, by the computer system, an 1dentification of one or
more brain lesions in the one or more 3D 1mages of the
brain; enabling, by the computer system, a segmentation of
the one or more 3D 1mages, the segmentation enabling an
1solation of the one or more brain lesions; enabling, by the
computer system, a creation of one or more 3D brain lesion
images based on the segmentation, the one or more 3D brain
lesion 1mages comprising one or more lesion characteristics;
ecnabling, by the computer system, a comparison of the one
or more lesion characteristics of the one or more 3D brain
lesion 1mages with one or more predetermined lesion char-
acteristics; enabling, by the computer system, a determina-
tion of a type of the one or more brain lesions based on a
match between the one or more lesion characteristics of the
one or more 3D brain lesion 1images with one or more of the
predetermined lesion characteristics; and enabling, by the
computer system, the sending of 3D representation data
corresponding to the one or more 3D brain lesion 1images,
the 3D representation data configured to enable a creation of
one or more physical 3D representations of the one or more
brain lesions.

The terms “a” and “an” are defined as one or more unless
this disclosure explicitly requires otherwise. The term “sub-
stantially” 1s defined as largely but not necessarily wholly
what 1s specified (and includes what 1s specified; e.g.,
substantially 90 degrees includes 90 degrees and substan-
tially parallel includes parallel), as understood by a person
of ordinary skill in the art. In any disclosed embodiment, the
terms “substantially,” “approximately,” and “about” may be
substituted with “within [a percentage] of”” what 1s specified,
where the percentage includes 0.1, 1, 35, and 10 percent.

The terms “comprise” (and any form of comprise, such as
“comprises’ and “comprising’), “have” (and any form of
have, such as “has™ and “having”), “include” (and any form
of include, such as “includes™ and “including™) and *“con-
tain” (and any form of contain, such as “contains” and
“containing’”) are open-ended linking verbs. As a result, a
system, or a component ol a system, that “comprises,”
“has,” “includes” or “contains” one or more elements or
features possesses those one or more elements or features,
but 1s not limited to possessing only those elements or
features. Likewise, a method that “comprises,” “has,”
“includes™ or “contains” one or more steps possesses those
one or more steps, but 1s not limited to possessing only those
one or more steps. Additionally, terms such as “first” and
“second” are used only to differentiate structures or features,
and not to limit the different structures or features to a
particular order.

Any embodiment of any of the disclosed methods, sys-
tems, system components, or method steps can consist of or
consist essentially of—rather than comprise/include/con-
tain/have—any of the described elements, steps, and/or
teatures. Thus, 1n any of the claims, the term “consisting of”
or “consisting essentially of” can be substituted for any of
the open-ended linking verbs recited above, in order to
change the scope of a given claim from what it would
otherwise be using the open-ended linking verb.

The feature or features of one embodiment may be
applied to other embodiments, even though not described or
illustrated, unless expressly prohibited by this disclosure or

the nature of the embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings illustrate by way of example and
not limitation. For the sake of brevity and clarity, every
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feature of a given method or system 1s not always labeled 1n
every ligure related to that method or system. Identical

reference numbers do not necessarily indicate an 1dentical
teature. Rather, the same reference number may be used to
indicate a similar feature or a feature with similar function-
ality, as may non-identical reference numbers.

FIG. 1 depicts an exemplary 3D imaging and brain lesion
representation system according to an embodiment of the
disclosure.

FIG. 2 depicts an exemplary method for creating 3D
representations of brain lesions according to an embodiment
of the disclosure.

FIG. 3 depicts exemplary 2D MRI 1mages that may be
received according to an embodiment of the disclosure.

FIG. 4 depicts an exemplary 3D MM 1mage that may be
received or constructed according to an embodiment of the
disclosure.

FIG. 5 depicts an exemplary 3D brain lesion image that
may be constructed according to an embodiment of the
disclosure.

FIG. 6 depicts exemplary experimental results from an
implementation of the systems and methods described by an
embodiment of the disclosure.

FIG. 7 depicts exemplary experimental results from an
implementation of the systems and methods described by
another embodiment of the disclosure.

FIG. 8 depicts exemplary experimental results from an
implementation of the systems and methods described by
another embodiment of the disclosure.

FIG. 9 depicts exemplary experimental results from an
implementation of the systems and methods described by
another embodiment of the disclosure.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

T

At present, the appreciation of structural anomalies origi-
nating from 1n situ demyelination or non-specific changes
within white matter due to aging, migraine headaches, or
small vessel disease 1s limited by traditional 2-dimensional,
forced perspective views of T2-hyperintensities within brain
tissue acquired from MM studies deficient in full coverage
of the brain. In addition, the associated surface characteris-
tics of lesions originating from MS or other etiologies are
currently unknown. Therefore, three-dimensional (3D) data
from observed T2-hyperintensities may provide better lesion
characterization, allowing {for better diflerentiation of
anomalies arising from MS compared to other etiologies.
This approach may also allow for better characterization of
non-specific white matter lesions. This may reduce the
over-diagnosis of MS by healthcare professionals, thereby
preventing the over utilization of disease moditying thera-
pies and their associated morbidities and high costs.

The embodiments discussed below describe systems,
apparatus, and methods for creating 3-dimensional (3D)
representations exhibiting shape and surface characteristics
of brain lesions. More specifically, the embodiments dis-
cussed below present 3D spatial visualization, lesion sur-
face, and geometric and surface characteristic data of MS
lesions 1 comparison to other disease states that may
improve lesion specificity by leveraging imaging techniques
that can be implemented 1nto clinically acquired studies for
direct clinical application. The embodiments discussed
below also describe integrating the use of 3D printing
software and hardware, allowing for tactile review of the
observed findings on MRI to further elucidate the geometric
and surface characteristics between varying etiologies.
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Referring now to the drawings, FIG. 1 depicts an exem-
plary 3D 1imaging and brain lesion representation system 100
according to an embodiment of the disclosure. In the
embodiment shown, an MRI device 102 may be provided.
The MM device 102 may be a 2D MRI device, a 3D MRI
device, or one or more MRI devices providing both 2D and
3D imaging capabilities. A processing device 104 may be
capable of receiving 2D and/or 3D 1images taken by the MRI
device. Processing device 104 may be a part of a computer
system that may include standard components such as a hard
drive, monitor, printer, keyboard, and mouse, among others,
that may enable a user to interact with the processing device
104. In the embodiment shown, processing device 104 may
include one or more of a segmentation application 106, a 3D
imaging application 108, and one or more databases 110. In
some embodiments, segmentation application 106 may be
configured to receive one or more MM 1mages from MRI
device 102, segment the one or more MRI 1images mnto one
or more regions, and enable a selection of one or more
regions. These selected regions may be referred to as regions
of interest (ROI). In some embodiments, the selection of
ROI may be done automatically by processing device 104.
In some embodiments, the selection of ROI may be done by
a user.

In some embodiments, the selected ROI may be exported
by segmentation application 106 and imported into 3D
image application 108. In some embodiments, 3D 1mage
application 108 may generate one or more 3D MIP 1mages
of the selected ROI. In some embodiments, the selected ROI
may correspond to one or more focal brain lesions. In some
embodiments, the selected ROI may be converted to stereo-
lithography (.stl) format and/or displayed as 3D ortho-
graphic 1mages to enable orthographic views. The one or
more 3D 1mages may be displayed to a user and 3D 1mage
application 108 may enable a user to view and manipulate
the one or more 3D 1mages. In some embodiments, 1mage
manipulation capabilities may include capabilities to rotate,
zoom, mark, color, and select the one or more images. In
some embodiments, one or more databases 110 may contain
information corresponding to various brain lesion charac-
teristics. Examples of these brain lesion characteristics may
include shape or geometric characteristics, size characteris-
tics, topographical characteristics, volume characteristics,
surface area characteristics and the like. In some embodi-
ments, the brain lesion characteristics may be associated
with one or more etiologies. Examples of these etiologies
may 1nclude MS, aging, small vessel disease, migraine
headaches, and other non-specific white matter lesion eti-
ologies. In the embodiment shown, processing device 104
may be configured to send data corresponding to the one or
more 3D 1mages to a 3D printing device 112. 3D printing,
device 112 may create a 3D physical representation of the
received one or more 3D 1mages.

FIG. 2 depicts an exemplary method 200 for creating 3D
representations of brain lesions according to an embodiment
of the disclosure. In one embodiment of the disclosure,
method 200 may be implemented by system 100. In the
embodiment shown 1n FIG. 2, method 200 may begin at step
202 by receiving one or more 2D or 3D MM images. In
some embodiments, 3D MRI 1mages may be created from
one or more received 2D MRI images. Method 200 may
continue at step 204 by segmenting the received one or more
MRI 1mages. In some embodiments, segmenting step 204
may include segmenting the one or more MRI images 1nto
one or more ROI. The one or more ROI may correspond to
one or more brain lesions. In some embodiments, lesions
may be selected 1n 3D format using an MIP 3D file. In this
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way, the computer system and/or a user may manipulate a
3D object 1 2D space and may select one or more ROI.
Isolating lesions from 3D MM 1mages may allow for a better
appreciation of both the geometric and surface characteris-
tics of brain lesions. In a 2D view, a variety of signals may
influence pixel intensities that may result 1n pixel misclas-
sification. Isolating lesions from 3D 1images may overcome
some of these shortcomings of 2D lesion 1solation.

Method 200 may continue at step 206 by creating one or
more 3D 1images of brain lesions. In some embodiments, the
one or more 3D brain lesion images may be orthographic
images or MIP images. Method 200 may continue at step
208 by enabling the analysis of one or more brain lesion
characteristics. For example, a computer system may ana-
lyze the one or more brain lesion 1images to determine one
or more characteristics of the brain lesion. A user may also
analyze the one or more brain lesion 1mages by interacting
with the computer system. In some embodiments, metadata
may be used to denote a type or category of a brain lesion
characteristic. In some embodiments, brain lesion charac-
teristics may include geometric characteristics. Geometric
characteristics may provide insights 1nto a size and shape of
a brain lesion. Examples of geometric characteristics may
include lesion symmetry/asymmetry, surface morphology
(e.g., amorphous, ovoid), the existence of lobes and/or
protrusions, and other shape characteristics (e.g., tapered/
wedge, spherocylindrical). In some embodiments, brain
lesion characteristics may include surface characteristics.
Surface characteristics may provide insights into lesion
surface traits and lesion properties not associated with
geometry. Examples of surface characteristics may include
the existence of surface microstructures, surface topography
(e.g., steepness/sheerness of surface peaks and valleys),
surface 1rregularities, and a non-uniform distribution of
mass of the lesion. In some embodiments, the computer
system may engage 1n machine learning to generate descrip-
tive surface, shape, and signal characteristics from the entire
lesion or sections within lesions 1n order to more efliciently
and accurately classify lesion types.

Method 200 may continue at step 210 by enabling a
determination of a brain lesion etiology. In some embodi-
ments, a computer system may compare the one or more
brain lesion characteristics to one or more previously stored
brain lesion characteristics to determine possible matches. In
some embodiments, one or more previously stored brain
lesion characteristics may correspond to one or more brain
lesion etiologies. In instances where the analyzed one or
more brain lesion characteristics match one or more previ-
ously stored brain lesion characteristics, the computer sys-
tem may determine one or more possible etiologies of the
one or more brain lesions. In some embodiments, a user may
be able to determine one or more possible etiologies of the
one or more brain lesions based on each of their one or more
brain lesions characteristics. Method 200 may continue at
step 212 by sending data corresponding to the one or more
3D brain lesion 1images to a 3D printing device. Based on the
received data, the 3D printing device may create a 3D
physical representation or printed model of a brain lesion. In
some embodiments, the 3D physical representation may
exhibit one or more of the brain lesion characteristics. A user
may use the 3D physical representation as an additional tool
to help the user determine an etiology of the brain lesion.

FIG. 3 depicts exemplary 2D MRI images 300 that may
be received according to an embodiment of the disclosure.
2D MRI images may provide multiple views from different
imaging angles. For example, a sagittal image 302, an axial
image 304, and a coronal image 306 may be provided. In
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many traditional methods, 2D MM 1mages have been used
to diagnose the existence of brain lesions. In some embodi-
ments of the disclosure, 2D MM 1mages may be received by
a computing system and used to construct representative 3D
1mages.

FI1G. 4 depicts an exemplary 3D MM image 400 that may
be received or constructed according to an embodiment of
the disclosure. In some embodiments, 3D MM 1mage may
be constructed by a computing system from one or more
received 2D MM 1mages. In other embodiments, 3D MRI
images may be received by a computing system from an
MRI system having 3D 1imaging capabilities. In the embodi-
ment shown, 3D MM 1mage 400 shows one or more brain
lesions 402 that may be depicted in one or more shades of
white and shows areas of healthy brain tissue 404 that may
be depicted 1n one or more shades of gray. This may assist
a user viewing the image to distinguish brain lesions from
healthy brain tissue. In some embodiments, 3D MRI image
400 may be configured to be accessed and/or manipulated by
a user. In some embodiments, the user may be able to rotate,
zoom, mark, color, and select areas of the 3D MM image
400. In some embodiments, a computer system may perform
a segmentation process on 3D MM image 400 that may
segment 3D MRI image 400 1nto one or more ROI. A brain
lesion 402 may be selected by the computer system or the
user and may be denoted or saved as a ROI.

FIG. 5 depicts an exemplary 3D brain lesion image 500
that may be constructed according to an embodiment of the
disclosure. In the embodiment shown, 3D brain lesion 1mage
500 may depict a brain lesion 502 and one or more brain
lesion characteristics 504, such as a round protuberance
existing on a particular surface of the brain lesion. In some
embodiments, 3D brain lesion image 500 may be an MIP
image. In some embodiments, 3D brain lesion image 500
may be an orthogonal image generated from one or more
selected ROI that provides orthogonal views to a user. 3D
brain lesion image 500 may also be in stereolithography
format. In some embodiments, 3D brain lesion 1mage 500
may provide a 3D spatial visualization of the brain legion
and may be configured to be accessed and/or mamipulated by
a user. In some embodiments, the user may be able to rotate,
zoom, mark, color, and select areas of the 3D brain lesion
image 500. As discussed above, one or more brain lesion
characteristics 504 may be displayed. In some embodiments,
data related to lesion characteristics such as size (e.g., X, v,
and z planes), volume, surface area, surface area to volume
ratio, volume to surface area ratio, topographical surface
characteristics, geometric characteristics, and the like may
be acquired from the 3D MRI 1mage 400 by the computer
system 1n order to depict brain lesion 502 and brain lesion
characteristics 304 as accurately as possible. Due to the
accuracy of the 3D brain lesion image 3500, the computer
system and/or the user may more efliciently and accurately
determine an etiology of the brain lesion.

FIGS. 6-9 depict exemplary experimental results from
implementations of the systems and methods described by
the embodiments of the disclosure. In order to test the
disclosed embodiments, a series of tests were performed on
recruited patients who were placed into two test groups. The
patients 1n one group of patients each had an established
diagnosis of MS based on a comprehensive medical evalu-
ation by fellowship trained MS specialists. These patients
had a confirmed diagnosis of MS based on established
criteria, results from supporting para-clinical studies (such
as abnormal cerebrospinal fluid profiles, electrophysiologi-
cal abnormalities, and the like) and the exclusion of other
disease states. The other group of patients consisted of
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confirmed non-MS patients with a history of migraine
headaches or small vessel disease with abnormal brain MRI
findings aflecting supratentorial white matter. These patients
had a history of brain anomalies atypical for 1n situ demy-
clination based on the formal 1imaging interpretations by a
board certified neuroradiologist and clinical impressions by
specialists 1n MS, and further supported by negative labo-
ratory or other para-clinical studies to identily a clear
underlying etiology.

Standardized brain MRI studies were performed on all
study participants and all analyses implemented without
knowledge of clinical history, current or past treatments, or
disease duration. For the embodiments shown, the imaging
studies were performed on a 3T M M scanner using a
32-channel phased array coil in reception and body coil 1n
transmission. Each MM 1maging study included one or more
scout localizers, a 3D high-resolution inversion recovery

spoiled gradient-echo T1-weighted 1sotropic (e.g., 1.0x1.0x
1.0 mm>, TE/TR/T1=3.7/8.1/864, flip angle 12 degrees,

256x220x1°70 FOV, NEX=1, 170 slices, duration: 4:11), a
3D fluid attenuated inversion recovery (FLAIR) (e.g., 1.1x
1.1x1.1 mm>, TE/TR/TI=350/4800/1600, flip angle 90
degrees, 250x250x180 FOV, NEX=1, 163 slices, duration:
5:02) and a 3D T2 sequence acquired in a sagittal plane (e.g.,
1.0x1.0x1.0 mm>, TE/TR/T1=229/2500/1600, flip angle 90
degrees, 250x250x180 FOV, NEX=1, 164 slices, duration:
4:33). However, other types of 2D and 3D MM scanners and
other MRI 1maging study parameters may be used, such as
amisotropic MRI scanners.

In the embodiments shown, image segmentation of the
MM 1mages was performed using segmentation soltware
(e.g., aySegmentation v1.00.004 plug-in of aycan OsinX®
PRO v3.00.008). However, other types and/or methods of
image segmentation may be used. During segmentation,
focal brain lesions were selected from simultaneously
viewed high-resolution T1-weighted, T2-weighted, and
FLAIR sequences. All identified focal lesions within the
supratentorial region were selected manually and segmented
lesions were saved as specified regions of interest (ROI).
Intra-observer variability analyses were performed on seg-
mented lesions to ensure accuracy of the obtained data. All
selected ROIs were exported into stereolithography (.stl)
format and evaluated using 3D software (e.g., MeshlLab,
Visual Computing Lab—ISTI—CNR, v1.3.3). One or more
3D maximum 1ntensity projection (MIP) images were gen-
crated using the 3D software, allowing for 3D spatial
visualization of the brain and lesions of the selected ROI.
However, other types and/or methods of 3D 1image creation
may be used.

Identified lesions depicted by the 3D images were printed
using a MakerBot® Replicator 2X Experimental 3D umit
with 1.75 mm acrylonitrile butadiene styrene (ABS) fila-
ment with a build platform temperature of 110° F. and an
extruder temperature of 230° F. Using fused filament fabri-
cation, a 200 um layer resolution was achieved with the
printed files. Individual lesions were printed at actual size
and also enlarged with at least one side measuring at least 10
mm. However, other types of 3D printers and/or other types
of 3D printing technologies may be used to create 3D printed
molds of the identified lesions. Other degrees of resolution
may also be achieved.

Throughout the segmentation process from both MS
patients and those with non-specific white matter changes
within the brain, lesion characteristics were identified that
appeared representative of features associated with MS or
non-specific white matter disease from the 3D orthographic
image and the corresponding 3D printed lesion representa-
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tions. These characteristics were separated into primary and
secondary characteristics, with primary traits applying to all
lesions, and secondary features applying only when present.

As a part of the testing, the characteristics from lesions 1n
3D printed form were independently rated by three health-
care providers: 1) a board certified neurologist and fellow-
ship tramned MS specialist with subspecialty interest in
neuroimaging, 1) a certified advanced practice provider in
MS, and 111) a board certified neuroradiologist. All raters
were blinded to the baseline demographic data, climical
diagnosis, whether MS or other etiology, and results from
para-clinical data, including MRI features. Raters were also
blinded to the scores generated by other evaluators. For each
lesion, raters were 1nstructed to score primary characteristics
including symmetry (symmetric or asymmetric) and mor-
phology (simple or complex surface morphology). Complex
surface morphology may be characterized by a presence of
micro-irregularities on the surface of a lesion. An option to
select from eight secondary characteristics was also pro-
vided to further describe the lesions. These secondary char-
acteristics may include multi-lobular, elongated with 1rregu-
lar mass distribution, protrusion, sloped, wedge-shaped,
tapered, arched indentation, and spherocylindrical charac-
teristics, or the like. If an additional characteristic was not
appreciated, raters were informed to select ‘none’. The final
data analysis was performed on consensus scores from the
three raters.

A total of 1,013 focal brain lesions were isolated and
stereolithography files and 3D prints of the selected regions
ol interest were created. Twelve lesions were removed from
the analysis due to reduced 3D print quality, resulting in
1,001 lesions available for analysis. Of the 1,001 lesions,
710 were 1solated from MS patients and 291 from patients
with non-specific white matter disease.

The results from the primary classification of all lesions
revealed that 66.3% were asymmetric 1 3D shape and
54.8% were associated with complex surface characteristics.
A higher percentage of asymmetric lesions was appreciated
in those subjects with MS when compared to the non-
specific white matter group (75.9% versus 43%; OR: 4.39
[2.37-8.12]; p<0.001). In addition, MS lesions were more
highly associated with complex surface morphologies
(65.9% versus 27.8%; OR: 2.3 [1.74-3.05]; p<0.001). These
results were unchanged when adjusting for age. A significant
association between the two primary characteristics of lesion
asymmetry and complex surface morphology was also
observed (p<t0.001).

Results from a mixed binary logistic model, accounting
for the autocorrelation of measures within the same patient,
revealed significant differences between groups when
lesions were described as being multi-lobular (7.9% versus
0.3%, p<0.001), elongated (12.8% versus 2.4%, p<0.001),
and associated with a protrusion (3.6% versus 0%, p=0.02).
The average volume (0.25 cm? versus 0.06 cm”, p<0.001)
and length of the longest side was observed to be higher 1n
MS than 1n non-specific white matter disease patients.
Statistically significant differences were not observed for
lesions described with the following secondary characteris-
tics: wedge, tapered, sloped, arched indentation, and sphero-
cylindrical. However, those lesions described as containing
a sloped trait were only observed 1n subjects with MS (12
(100%) versus 0%). In addition, spherocylindrical lesions
were observed at a higher frequency 1n patients with non-
specific white matter disease (6.2% versus 2.5%, trend
towards significance).

Results confirmed that MS lesions may be more amor-
phous with complex surface morphologies as opposed to
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lesions that exhibit a degree of symmetry such as an ovoid
morphology. Lesions typical for MS were identified to be
asymmetric with complex surface morphologies that were
more multi-lobular, elongated with non-uniform mass dis-
tributions, and contained protrusions. Even through the
simultaneous evaluation of axial, sagittal, and coronal views
on MRI, a limited appreciation of the spatial geometry of
T2-hyperintensities may exist, emphasizing the value of a
3D approach to lesion assessment.

Example experimental results are depicted in FIGS. 6-9.
In the embodiment shown 1n FIG. 6, results 600 may include
one or more 2D MRI images 602, one or more 3D MM
images 604, one or more 3D brain lesion images 606, and
one or more 3D physical brain lesion representations 608. In
the embodiment shown, one or more 2D MRI images 602
are axial MRI FLAIR 1mages of the brain, one or more 3D
MM 1mages 604 are MIP 1mages, one or more 3D brain
lesion 1mages 606 are orthographic images, and one or more
3D physical brain lesion representations 608 are 3D printed
regions of interest from four unique patients. In the embodi-
ment shown, images A-D exhibit asymmetric primary lesion
characteristics, i1mages E-H exhlibit symmetric primary
lesion characteristics, images I-I. exhibit complex surface
morphology primary lesion characteristics, and images M-P
exhibit simple surface morphology primary lesion charac-
teristics.

In the embodiment shown 1n FIG. 7, results 700 may
include one or more 2D MRI images 702, one or more 3D
MRI 1mages 704, one or more 3D brain lesion images 706,
and one or more 3D physical brain lesion representations
708. In the embodiment shown, one or more 2D MRI images
702 are axial MM FLAIR 1mages of the brain, one or more
3D MRI images 704 are MIP images, one or more 3D brain
lesion 1mages 706 are orthographic images, and one or more
3D physical brain lesion representations 708 are 3D printed
regions of mterest from five unique patients. In the embodi-
ment shown, 1mages A-D exhibit multi-lobular secondary
lesion characteristics, images E-H exhibit elongated second-
ary lesion characteristics with a non-uniform distribution of
mass, 1mages I-L. exhibit protrusion secondary lesion char-
acteristics, images M-P exhibit sloped edge secondary lesion
characteristics, and 1mages Q-1 exhibit spherocylindrical
secondary lesion characteristics. In the embodiment shown,
images A-P depict secondary lesion characteristics associ-
ated with MS etiologies and 1mages Q-1 depict secondary
lesion characteristics associated with non-specific white
matter etiologies.

In the embodiment shown in FIG. 8, results 800 may
include one or more 2D MRI images 802, one or more 3D
MRI 1mages 804, one or more 3D brain lesion images 806,
and one or more 3D physical brain lesion representations
808. In the embodiment shown, one or more 2D MRI images
802 are axial MRI FLAIR images of the brain, one or more
3D MRI images 804 are MIP 1images, one or more 3D brain
lesion 1mages 806 are orthographic images, and one or more
3D physical brain lesion representations 808 are 3D printed
regions of iterest from two unique patients. In the embodi-
ment shown, the images i1n group A correspond to a patient
with MS and the images 1n group B correspond to a patient
with a non-specific white matter disease or condition. It can
be seen that the lesions shown 1n the one or more 2D MRI
images 802 may have a similar appearance. This illustrates
the limitations of 2D MRI images when attempting to
determine brain lesion etiologies. It can be seen that the one
or more 3D MM images 804 and one or more 3D brain
lesion 1mages 806 may provide a more accurate depiction of
primary and secondary lesion characteristics. The one or
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more 3D physical brain lesion representations 808 may
provide even more detail regarding the primary and second-
ary lesion characteristics.

In the embodiment shown 1 FIG. 9, results 900 may
include one or more 2D MRI 1images 902 and one or more
3D physical brain lesion representatiens 904. In the embodi-
ment shown, one or more 2D MRI images 902 are axial MR
FLAIR images of the brain and one or more 3D physmal
brain lesion representations 904 are 3D printed regions of
interest from a patient having MS. In the embodiment
shown, 1mage A exhibits a spherocylindrical secondary
lesion characteristic, image B exhibits a wedge-shaped sec-
ondary lesion characteristics, image C exhibits protrusion
secondary lesion characteristics, and 1mage D exhibits
multi-lobular secondary lesion characteristics. Additionally,
images A and B exhibit simple surface morphology primary
lesion characteristics and 1mages C-E exhibit complex sur-
face morphology primary lesion characteristics.

As shown 1n the embodiments of FIGS. 6-9, MS lesions
may be more asymmetric and elongated, contain complex
surface morphologies, have higher surface area to volume
ratios, and may be multi-lobular, sloped, and associated with
protrusions. Lesions associated with non-specific white mat-
ter conditions such as migraines, small vessel disease, and
cryptogenic white matter causes may be more symmetric,
contain simple surface morphologies, have lower surface
area to volume ratios, and may be spherocylindrical and/or
tapered/wedge-shaped. Therefore, by associating these pri-
mary and secondary lesion characteristics with correspond-
ing ectiologies, the disclosed systems and methods may
enable a more accurate and eflicient determination of brain
lesion etiologies.

These results may assist in adjusting clinical expectations
related to a treatment goal of no evidence of disease activity
(NEDA) 1n MS, a therapeutic goal based on the absence of
climical relapses, radiological evolution, and reductions 1n
physical function. An admixture of non-specific foci and in
situ demyelination would be expected given the range of
ages for MS subjects studied here and the higher prevalence
of small vessel disease appreciated on MRI with advancing
age, suggesting that the magnitude of the observed difler-
ences between groups may be greater. Lesions containing a
spherocylindrical pattern were identified at a higher fre-
quency 1n the non-specific white matter group and were
observed to be a highly distinct and consistent 3D trait. As
shown i FIG. 9, the identification of spherocylindrical
lesions and associated simple surface characteristics within
subjects with MS supported the notion of the coexistence of
both MS and non-MS MM lesion phenotypes within a single
patient. This data may be of value to established MS patients
with radiological evolution, in the absence of contrast
enhancement and mvolvement of highly specific areas for
MS. This treatment may provide potential clarity as to the
origin of newly found lesions and may prevent an unnec-
essary change in disease modifying therapy based on
NEDA. The data suggests that the development ol new
T2-foci 1n MS patlents even when established size thresh-
olds of >3 mm~ are applied, may not be related to inflam-
matory autoimmune disease.

The observed 3D characteristics between disease states
may be related to the biology of lesion development. The
relative symmetry observed for white matter lesions 1solated
from non-MS subjects having less dynamic surface charac-
teristics may be the result of the pathogenesis of such
findings, including vascular ectasia, acute or chronic 1sch-
emic insults or dilation of perivascular spaces associated
with medullary arteries, or atrophic perivascular demyeli-
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nation caused by a chronic nutritive deficiency that are
distinct from 1schemic necrosis. Histopathological data from
lesions originating from non-MS patients has also been
shown to indicate the presence ol a central vessel, with
features consistent with internal thickening and narrowing of
the lumen. Therefore, an arteriosclerotic process may also be
plausible. Contemporary histopathological data of demyeli-
nating white matter lesions suggest a great degree of het-
erogeneity, likely as a result of the interplay between the
active and 1innate immune response. In multiple sclerosis, the
immune response 1s an active biological process, with an
inherently aberrant nature. This stochastic process 1s a likely
cause ol the diverse, amorphous characteristics observed.
While the active immune system 1s highly specific at a
microscopic level, the resulting white matter insult presents
a more erratic topography upon macroscopic view. Proposed
secondary characteristics are believed to arise from interac-
tions with micro-anatomical boundaries, and may also be the
result of the natural evolution of a demyelinating plaque
over time.

It may be appreciated that the functions described above
may be performed by multiple types of soltware applica-
tions, such as web applications or mobile device applica-
tions. If implemented in firmware and/or software, the
functions described above may be stored as one or more
instructions or code on a non-transitory computer-readable
medium. Examples include non-transitory computer-read-
able media encoded with a data structure and non-transitory
computer-readable media encoded with a computer pro-
gram. Non-transitory computer-readable media includes
physical computer storage media. A physical storage
medium may be any available medium that can be accessed
by a computer. By way of example, and not limitation, such
non-transitory computer-readable media can comprise
RAM, ROM, EEPROM, CD-ROM or other optical disk
storage, magnetic disk storage or other magnetic storage
devices, or any other physical medium that can be used to
store desired program code 1n the form of instructions or
data structures and that can be accessed by a computer. Disk
and disc includes compact discs (CD), laser discs, optical
discs, digital versatile discs (DVD), floppy disks and Blu-ray
discs. Generally, disks reproduce data magnetically, and
discs reproduce data optically. Combinations of the above
are also included within the scope ol non-transitory com-
puter-readable media. Moreover, the functions described
above may be achieved through dedicated devices rather
than software, such as a hardware circuit comprising custom
VLSI circuits or gate arrays, oil-the-shelf semiconductors
such as logic chips, transistors, or other discrete compo-
nents, all of which are non-transitory. Additional examples
include programmable hardware devices such as field pro-
grammable gate arrays, programmable array logic, program-
mable logic devices or the like, all of which are non-
transitory. Still further examples include application specific
integrated circuits (ASIC) or very large scale 1ntegrated
(VLSI) circuits. In fact, persons of ordinary skill in the art
may utilize any number of suitable structures capable of
executing logical operations according to the described
embodiments.

The above specification and examples provide a complete
description of the structure and use of illustrative embodi-
ments. Although certain embodiments have been described
above with a certain degree of particularity, or with refer-
ence to one or more 1individual embodiments, those skilled
in the art could make numerous alterations to the disclosed
embodiments without departing from the scope of this
invention. As such, the various illustrative embodiments of
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the disclosed methods, devices, and systems are not intended
to be limited to the particular forms disclosed. Rather, they
include all modifications and alternatives falling within the
scope of the claims, and embodiments other than those
shown may include some or all of the features of the
depicted embodiment. For example, components may be
combined as a unitary structure and/or connections may be
substituted. Further, where appropriate, aspects of any of the
examples described above may be combined with aspects of
any ol the other examples described to form further
examples having comparable or different properties and
addressing the same or diflerent problems. Similarly, 1t will
be understood that the benefits and advantages described
above may relate to one embodiment or may relate to several
embodiments.

The claims are not intended to include, and should not be
interpreted to include, means-plus- or step-plus-function
limitations, unless such a limitation 1s explicitly recited 1n a
given claim using the phrase(s) “means for” or “step for,”
respectively.

The 1invention claimed 1s:
1. A system for creating 3-dimensional (3D) representa-
tions of brain lesions, the system comprising:
a computer system comprising at least one processor, the
computer system configured to:
generate a 3D 1mage of a brain region of interest;
display the 3D mmage such that the displayed 3D 1mage
can be viewed 1n three dimensions and manipulated
in three dimensions by a user of the system;
characterize, 1n response to the user, a brain lesion
visible 1n the displayed 3D image as having a type of
lesion symmetry characteristic and a type of lesion
surface morphology characteristic;
enable the user to characterize a brain lesion visible 1n
the displayed 3D image by a lobular shape charac-
teristic, a protrusion characteristic, a slope charac-
teristic, a tapered shape characteristic, a spherocy-
lindrical shape characteristic, a surface topography
characteristic, a surface wrregularity characteristic, a
surface area to volume ratio characteristic, and/or a
distribution of mass characteristic; and
send data corresponding to the brain lesion to a 3D
printing device.
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2. The system of claim 1, where the 3D 1mage of the brain
region of mterest comprises a maximum intensity projection

(MIP) image.

3. The system of claim 1, where the computer system 1s
turther configured to:

convert the brain region of interest to stereolithography

format.
4. The system of claim 3, where the 3D 1mage of the brain
region of mterest comprises a maximum intensity projection
(MIP) image.
5. A method for creating 3-dimensional (3D) representa-
tions of brain lesions, the method comprising:
generating, by a computer system comprising at least one
processor, a 3D 1mage of a brain region of interest;

displaying, by the computer system, the 3D image such
that the displayed 3D image can be viewed in three
dimensions and manipulated in three dimensions by a
user of the system;

recerving the user’s characterization, by the computer

system, of a brain lesion visible 1n the displayed 3D
image as having a type of lesion symmetry character-
istic and a type of lesion surface morphology charac-
teristic; and

recerving the user’s characterization, by the computer

system, of the brain lesion visible 1n the displayed 3D
image by a lobular shape characteristic, a protrusion
characteristic, a slope characteristic, a tapered shape
characteristic, a spherocylindrical shape characteristic,
a surface topography characteristic, a surface irregu-
larity characteristic, a surface area to volume ratio
characteristic, and/or a distribution of mass character-
1stic; and

sending, by the computer system, data corresponding to

the brain lesion to a 3D printing device.

6. The method of claim 5, where the 3D 1mage of the brain
region of mterest comprises a maximum intensity projection
(MIP) image.

7. The method of claim 5, further comprising:

converting, by the computer system, the brain region of

interest to stereolithography format.

8. The method of claim 6, further comprising:

converting, by the computer system, the brain region of

interest to stereolithography format.
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